A small RNA species with the structural and functional properties characteristic of viroids has been isolated from three different pear sources each of which induced symptoms of the pear blister canker (PBC) disease when indexed in the pear indicator A 20. A close association between this RNA and PBC disease was established, since two of the three studied sources were known to be affected by this malady only, and the viroid was not detected in healthy pear tissue. Moreover, the PBC-associated viroid (PBCVd) replicated when purified preparations were inoculated into cucumber and pear plants. PBCVd behaved in denaturing polyacrylamide gels as a circular RNA with a molecular size of approximately 315 nucleotide residues. Analysis by dot blot hybridization indicated that PBCVd shares similarities in sequence with peach latent mosaic viroid and hop stunt viroid, and to a lesser extent with apple scar skin viroid.
Introduction
Various diseases associated with pear bark disorders described in Europe and the U.S.A. include pear blister canker (PBC) on 'Comice', 'Laxton's Superb' and 'Williams' cultivars (Cropley, 1960) , pear rough bark on cultivars 'Fondante de Charneu' and 'Nouveau Poiteau' (Kristensen & Jorgensen, 1957; Thomsen, 1961) , pear bark split and bark necrosis on cultivar 'Beurr6 Hardy' (Kegler, 1965 (Kegler, , 1967 , and pear bark measles on different varieties (Cordy & MacSwan, 1961) . In France, and probably in the rest of Europe, about 5~ of the pear cultivars carry this type of disease, although they are often symptomless because numerous varieties are tolerant.
It is assumed these pear bark disorders are induced by a virus-like agent, which appears to be rather thermostable since infection cannot be eliminated by thermotherapy. As the presumed viral particles have never been identified and the agent exhibits a high heat resistance, we have considered the possibility that the disease could have a viroid aetiology. In the present work we report the isolation of a new viroid RNA from PBCaffected material which is very probably the agent causing this malady.
Methods
Sources ofpear material. Leaves were collected from pear trees (Pyrus communis L.) grown in experimental plots in Lanxade, France. In some 0000-9993 © 1991 SGM field experiments, material was taken directly from the pear clone P2098T propagated in pear seedlings ('Fieudi6re'). This clone, obtained after a thermotherapy treatment, is latently infected by a typical PBC isolate (according to the reaction provoked on the pear indicator A 20) but it was indexed as free of any other known pear malady. In other field experiments, material was harvested from the indicator A 20 grown on 'Fieudi~re' seedlings either nonqnoculated or graft-inoculated with the pear clones P2098T, P1914T (obtained after thermotherapy and indexed as infected only by a typical PBC isolate) and P47A (indexed as infected by a typical PBC isolate, as well as by pear vein yellows and pear ring pattern mosaic). In greenhouse experiments, foliar tissue was collected directly from the pear clone P2098T propagated on 'Fieudi~re' pear seedlings, as well as from this type of seedling either non-inoculated or graft-inoculated with the P2098T isolate. Unless otherwise stated, the experiments reported were performed with the P2098T isolate.
Viroid standards. For comparative analyses of electrophoretic mobility and molecular hybridization, the following viroid RNAs were used. Citrus exocortis viroid (CEVd) was a citrus isolate inducing severe symptoms in Citrus medica L. 'Etrog' and Gynura aurantiaca DC. Peach latent mosaic viroid (PLMVd) was the D168 isolate causing symptoms in GF-305 peach seedlings, Prunuspersica L. Batsch. Apple scar skin viroid (ASSVd) was an isolate from apple, Maluspumila Mill. 'Indo', inducing typical fruit symptoms in this cultivar. Hop stunt viroid (HSVd) was an isolate from grapevine Vitis vinifera L. 'Gamay' causing symptoms in Cucumis sativus L. 'Suyo'. Avocado sunblotch viroid (ASBVd) was a Spanish isolate from an avocado tree, Persea americana Mill. 'Fuerte', which displayed symptoms characteristic of the disease.
Extraction and partial puriflcation of nucleic acids. Extraction was with buffer-saturated phenol (Semancik & Weathers, 1972) , as reported previously (Pall~is et al., 1987) with some modifications. Frozen or lyophilized tissue (10 or 2.5 g respectively) was homogenized with a Polytron (Kinematica) in a medium containing 40 ml of water-saturated phenol (neutralized before use with NaOH) and an extraction buffer (EB) prepared by mixing 10 ml 0-2 M-Tris-HCI pH 8.9, 2.5 ml 0.1 M-EDTA pH 7, 2.5 ml 5 % SDS and 1-25 ml 2-mercaptoethanol. The mixture was centrifuged at 12 000 g for 15 min to separate th e phenolic and aqueous phases; in some experiments, particularly those with young leaves, the phenolic phase was re-extracted with EB and the combined aqueous phases were re-extracted with 0-5 volumes of watersaturated phenol. After centrifugation the aqueous phase was brought to 20 ml with distilled water and then its composition adjusted to that of STE buffer (50 mM-Tris-HCl pH 7.2, 100 mM-NaC1 and 1 mM-EDTA) and 35 % ethanol, by adding ethanol slowly to avoid the formation of a fibrous precipitate. Following the addition of 1.25 g of cellulose (CF-I 1, Whatman) (Franklin, 1966) , the nucleic acids were partially purified as indicated previously (Pallas et at., 1987) and finally resuspended in 0.25 ml of sterile distilled water. In some experiments the final rather viscous preparations were extracted with methoxyethanol to remove polysaccharides (Bellamy & Ralph, 1968) .
PAGE. The methods for two dimensional (2D) electrophoresis and double electrophoresis in the same direction were as proposed by Schumacher et al. (1983) and modified by Flores et al. (1985) , and consisted of consecutive electrophoresis in 5% polyacrylamide gels under non-denaturing and then denaturing conditions respectively. CEVd and ASBVd were used as standards. The size of the viroid RNA associated with PBC disease was inferred from comparisons of its electrophoretic mobility with those of standard viroids of known sizes in the Tris-borate-EDTA-urea gel system of S~inger et al. (1979) . The detailed electrophoretic procedures were as described by Pallfis et al. (1987) and Flores et al. (1990) . Silver staining of the gels was according to Igloi (1983) .
Molecular hybridization analysis. Synthesis of 3zp-labelled probes of viroid cDNA was carried out by the random-primer method (Taylor et al. 1976) , by using as templates purified circular forms of the viroid RNAs (free of any other contaminant RNA as revealed by PAGE under denaturing conditions and silver staining). Sequence similarities were assessed by dot blot hybridization as reported previously (Flores, 1986 ) by applying to nitrocellulose membranes (Hybond C extra, Amersham) measured amounts of purified circular forms of the viroids denatured with formaldehyde. In Northern blot hybridizations, nucleic acids were electrotransferred to nylon membranes (Zeta-Probe, Bio-Rad) by means of a 2005 Transfor (LKB) electroblotting unit using the conditions of Mfihlbach et al. (1983) . After a treatment at 80 °C for 2 h, the nylon membranes were hybridized under the same conditions as those for nitrocellulose.
Biological indexing. For detection of the PBC disease, pear seedlings (Fieudi6re) were doubly grafted with the indicator pear clone A 20 in an upper position and with the pear material to be tested in a lower position. The characteristic symptoms of this disease were observed in the 2-year-old bark of A 20 (approximately 2 years after inoculation).
Transmission assays. Infectivity of nucleic acid preparations (in STE buffer) was tested either by rubbing carborundum-dusted leaves with inoculum in the case of Lyeopersicon escutentum Mill. 'Rutgers' and C. sativus L. 'Suyo', or by slashing the stems in the presence of inoculum in the case of G. aurantiaca, Chrysanthemum morifolium Ramat 'Bonnie Jean' and P. communis L. seedlings 'Fieudi6re'. Alternatively, pear seedlings were inoculated by a simulated graft inoculation procedure involving one piece of blotting paper (2 x 10 mm) immersed in the inoculum and then applied below the stem bark. In both experiments pear seedlings were kept in the greenhouse for 4 to 5 months after inoculation, transferred to a cold chamber at 5 °C for 2 months, and finally put back in the greenhouse for 2 to 3 months before collection of the new young leaves (at this time the bark was symptomless). Association of the viroid-like R N A with the PBC disease was inferred from the observation that it was absent in nucleic acid extracts from non-inoculated A 20 plants, but was detected in parallel extracts of the pear clone P2098T (affected only by the PBC disease) as well as in those from pear seedlings inoculated with the P2098T isolate ( Fig. 3a) . A d d i t i o n a l control experiments with non-inoculated pear seedlings failed to reveal the presence of the viroid-like R N A (data not shown). N o r t h e r n blot experiments (Fig. 3b ) confirmed the identity of the viroid-like R N A s detected in the P2098T inoculum, and in the pear A 20 and pear seedlings inoculated with this isolate. Moreover, this a p p r o a c h d e m o n s t r a t e d that the viroid-like R N A s associated with the PBC disease isolates P2098T, P1914T and P47A were very similar in sequence (Fig. 3b) . The hybridization experiments also revealed, in plants inoculated with the three isolates of the agent of PBC disease, the existence of a second b a n d with higher electrophoretic mobility, which should correspond to the linear forms of the viroid-like R N A .
Results

Detection o f a viroid-like R N
Purification of the viroid-like R N A associated with the PBC disease using the double P A G E as a final step led, with the three isolates studied here, to similar yields of about 0.5 to 1/_tg of this R N A per 100 g of fresh pear leaves. The same viroid-like R N A could also be o b t a i n e d from stem b a r k (where the s y m p t o m s are expressed) with a yield close to that from leaves. 
Infectivity of the viroid RNA associated with PBC disease
In a first experiment, 30 pear seedlings were inoculated by means of pieces of blotting p a p e r wetted with a purified p r e p a r a t i o n of the circular forms of PBC viroid (PBCVd). The plants were grouped in blocks of three, and at 10 m o n t h s after inoculation young leaves were collected from every block and the nucleic acids were analysed by the double electrophoresis procedure. In three out of 10 blocks, an R N A was detected with the same characteristics as that present in the inoculum (Fig.  4) . In a second experiment, 10 pear seedlings were inoculated by slashing the stems. The plants were grouped in this case in blocks of two, and at 8 months post-inoculation young leaves were collected from every block and the nucleic acids analysed. A n R N A with electrophoretic mobility identical to that of P B C V d present in the inoculum was detected in the five blocks by electrophoresis and by Northern blotting; this circular R N A , and its corresponding linear forms, were absent in control plants inoculated with buffer ( Fig. 4) . Therefore P B C V d is a viroid since it has the structural properties characteristic of the group and, from a functional point of view, is capable of autonomous replication. As symptoms of the PBC disease are not expressed in young pear seedlings, material from plants where replication of P B C V d was detected after mechanical inoculation with this R N A is currently being assayed in the biological indicator A 20, which requires a period of at least 2 years to display the typical symptoms of the blister canker disease. On the other hand, P B C V d could be recovered from cucumber plants inoculated with a purified preparation of this R N A (Fig. 4 ). In cucumber P B C V d induced mild symptoms of leaf rugosity or no symptoms at all, and it accumulated in lesser amounts than HSVd (data not shown), which under the same growing conditions caused its characteristic severe syndrome. P B C V d did not apparently multiply in inoculated plants of G. aurantiaca, C. morijolium or L. esculentum .
Properties o f the P B C V d R N A
The results of a comparative analysis of the electrophoretic mobilities under denaturing conditions o f P B C V d and other viroid R N A s are presented in Fig. 5 . These mobilities did not change when the samples were made to 8 M-urea in the electrode buffer and subjected before loading to heating at 60 °C for 15 min, or to 100 °C for 2 min and either immediately chilling in an ice-water bath or slow cooling at room temperature (data not shown). Moreover, only RNA in the fast band but not the slow moving band in each lane in Fig. 5 could be radioactively labelled by [7-32p] ATP in the presence of polynucleotide kinase (Maniatis et al., 1982) (results not shown), providing additional evidence that these bands correspond to the viroid linear and circular forms respectively. From the analysis of the mobilities it could be concluded that PBCVd must have a size of approximately 315 bases, because it migrated between the positions of ASSVd (330 bases) (Hashimoto & Koganezawa, 1987) and HSVd (297 bases) (Sano et al., 1986) .
Results of dot blot hybridization using four viroidspecific cDNA probes (Table 1) indicate that PBCVd and PLMVd apparently share sequence similarities. PBCVd also appears to have some resemblance to HSVd based on the reaction of PBCVd cDNA with this viroid, although this identity seems low from the hybridization between PBCVd and HSVd cDNA. Finally, PBCVd has a barely detectable similarity to ASSVd, and no detectable similarity to CEVd and ASBVd.
Discussion
The results suggest that a viroid is associated with PBC disease. This viroid, which is transmissible to pear and cucumber seedlings, is probably the aetiological agent of the disease, although definitive evidence in this respect requires demonstration that it is capable of inducing the characteristic syndrome of the malady. The viroid RNAs of the three isolates of the PBC disease studied here have very similar structural properties (relative size and base sequence), and very similar biological properties (they induce the same symptoms in pear A 20). Therefore, PBC disease appears to be another example of a viroid disease affecting pomaceous and stone fruit trees; other diseases are apple scar skin (Hashimoto & Koganezawa, 1987) , dapple apple , plum and probably peach dapple (Sano et al., 1989; Shikata, 1990) and peach latent mosaic (Flores et al., 1990) .
Recent reports indicate the occurrence in pears of HSVd (HSVd-pear) (Shikata, 1990) , although it is not known whether it is concerned with any specific diseases of pear or not, and two viroids similar in size and sequence to ASSVd, one symptomless (Feng & Tien, 1990) , the other one inciting pear rusty skin disease (Hadidi & Yang, 1990 ). These viroids are clearly different from PBCVd because the latter is associated with a bark symptomatology on pear and it induces mild or no symptoms in cucumber, unlike HSVd and ASSVd, and PBCVd does not appear to replicate in apple (our unpublished results). PBCVd has a size of around 315 nucleotide residues, midway between the sizes of HSVd and ASSVd (Fig. 5) ; and PBCVd has some, but not .complete, sequence similarity to HSVd and ASSVd (Table 1) . However, the molecular hybridization approach followed here is only semi-quantitative and some factors are not totally controlled. For example, it is not known whether the cDNAs are synthesized totally at random, as would be expected from the nature of the primers used, or some regions of the viroid molecule are preferentially transcribed due to their different secondary structures. Therefore, definitive sequence relationships of PBCVd with other viroids must await the elucidation of the primary structure of PBCVd.
From a more practical perspective, if it is confirmed that PBCVd causes PBC disease, then PAGE and Northern blotting would be useful for rapid detection. On the other hand, although cucumber can sustain the replication of PBCVd it is not a good diagnostic host since it does not react with clear symptoms. Finally, extension of these studies to other pear bark diseases mentioned in the Introduction could help to define more clearly the relationships existing among this group of maladies.
